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Abstract 
  
Crud buildup within Pressurized Water Reactors with or without power uprates has led to 
axially downward shift in power production. This shift in power has been defined as Axial Offset 
Anomaly (AOA). Boric acid, which is used as a soluble neutron absorber in PWRs, has been 
identified as the chief contributor to AOA through accumulation within porous crud. Previously, 
one-dimensional transport and chemistry models for solute in porous structure have been studied. 
This study aims to advance previously developed thermal hydraulics model to study boric acid 
transport within crud; and develop a 2-D coupled crud-chemistry and thermal hydraulics model 
to serve as a framework for development of advanced crud deposition and growth model. 
Various parameters affecting boric acid transport in crud; along with a model for aqueous 
chemistry of lithium hydroxide LiOH and boric acid H3BO3 within crud were simulated. A two-
dimensional wick-boiling model has been utilized to simulate thermal hydraulic conditions in the 
crud. Evaluations shows elevated cladding surface temperature for simulated operational 
conditions. Using past data obtained from Callaway plant, estimation of boron leading to AOA in 
the reactor core was done and compared to published results from neutronic simulations. A crud-
chemistry model is proposed to provide a basis for evaluation of precipitate formation and pH 
changes within the crud. Results from this thermal hydraulic model indicate porosity, crud-
thickness and heat flux as the key factors in H3BO3 transport in crud. Plant data evaluations show 
that boron estimations using current model agrees with results from other neutronic simulations. 
The crud-chemistry model suggests precipitation of Lithium Metaborate LiBO2 is significant 
when crud-thickness is greater than 40 m at normal power levels. Precipitation of LiBO2 leads 
to significant variation of pH in the crud and suppression of corrosion mechanisms of Zircaloy 
tubes. Results from this model were found to be consistent with published plant observations and 
comparative modeling studies elsewhere.  
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 Axial Offset Anomaly (AOA) or Crud Induced Power Shift (CIPS) is defined as a 
significant negative axial offset deviation of power from the predicted nuclear design value [1]. 
A significant number of the current GEN II Pressurized Water Reactors (PWRs) around the 
world have continued to show AOA. As of 2004, a total of 37 cases of AOA in 18 U.S. PWRs 
have occurred [2]. During AOA an unexpected downward shift of axial power distribution 
occurs due to suppression of neutron flux from local boron hideout in corrosion deposition 
formed around fuel elements in the upper region of a PWR core [3]. Figure 1-1, depicts the 
downward shift in axial power during AOA. Such downward power shifts have been seen in 
PWRs using high fuel burnup operated for long fuel cycles, high specific power levels and high 
coolant exit temperatures. Lower or non-boiling half of the core produces relatively more of the 
total power generated. This manifests in a higher residual reactivity in the upper region of core 
leading to reduced shutdown margins [3]. In severe cases, a reduction in power levels for a long 
duration of an operating cycle have been prompted as a result of this loss in shutdown margins. 
 One of the most severe cases of AOA was observed in the Ameren Missouri’s Callaway plant.  
Callaway plant is a 4-loop Westinghouse PWR consisting of 193 Vantage fuel assemblies, each 
with a 17 x 17 matrix of 0.37 in-diameter pins [4]. During Cycle 9 (November 1996 to April 
1998) observed axial offset reached -14%, the highest observed at any plant at that time, during 
the final eight months. In response to the axial shift, the plant power output was reduced to 70% 
of its rated thermal power output (3565 MW).  
CHAPTER 1. INTRODUCTION 
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Axial Offset (A.O.) can be qualitatively measured as the difference between integrated power 
output in the upper and lower halves of the core, as shown in eqn. 1.1.  
      = 
 ̅    –  ̅      
 ̅     ̅      
 (1.1) 
where:  ̅top and  ̅bottom are the integrated power proportional to the measured axial neutron flux 
[1] over the core length H of the axial direction z. Both of these are measurable quantities during 
reactor operations and can be expressed using the following equations: 
 
 ̅top= 
 
 
∫  ( )  
 
   
       
 ̅bottom= 
 
 
∫  ( )  
   
 
 
(1.2) 
Parameters used in above definitions are shown in following figure.   
 
Figure 1-1: Demonstration of Axial Offset Anomaly in a reactor core. 
 
The observed axial offset in the Callaway plant was caused by many operational factors, among 
which the most likely is buildup of corrosion particles on fuel pins in the upper portion of the 
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core where subcooled boiling occurs. Callaway had thick corrosion deposits on fuel rods near the 
top of the core composed of Ni-Fe oxide originating from steam generator tubes (Alloy 600) and 
stainless steel components in the primary reactor coolant system. Such deposits were observed to 
be especially thick in regions of intense subcooled nucleate boiling on feed (first cycle) fuel 
assemblies [3]. These crud deposits serve as deposition substrate for large concentration of boron 
on fuel surface that cause depression of thermal neutron flux through the 
10
B(n,)7Li reaction 
[5]. Figure 1-2 shows the evolution of axial offset in power profile during the Callaway cycle 9 
with increasing core burnup.  
 
Figure 1-2: Axial heat flux levels for increasing burnup in Callaway Cycle 9 [6] 
 
Axial offset is required to be within certain margins established in technical specifications to 
ensure that shutdown margins and clad local peaking factors are within margins. In the scenario 
of severe AO, compensatory measures including power reduction has to be undertaken to keep 
the reactor operational within the NRC regulations. The significance of this research pertains 
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mostly to the currently operating GEN II reactors, however with newer and advanced GEN III 
and IV designs looking to operate at higher pressure, temperatures, power densities, and longer 
fuel cycle times, such scenarios are possible.  
 
Figure 1-3: Predicted and measured axial offset in a Westinghouse PWR core. [2] 
 
Generally, three important mechanisms reported to cause axial power shift are subcooled 
nucleate boiling (SNB), transport and deposition of corrosion and impurities leading to formation 
of porous crud layer on top of fuel elements, and local boron and lithium hideout leading to 
precipitation in the crud. SNB in a core begins with the onset of nucleation sites on cladding wall 
even though the bulk coolant temperature remains below saturation temperature. For nucleation 
to occur, wall temperature of fuel rod must be higher than superheat needed for onset of nucleate 
boiling. Vapor bubbles grow and collapse at the wall of clad but do not detach. Corrosion 
particles in the primary coolant deposit around the bubbles and over time form a thick porous 
layer around the zircaloy cladding. A typical structure of the observed crud deposits on the fuel 
clad, shown in Figure 1-4, reveals multiple chimney structures in between the porous deposit.  
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1.1 Wick Boiling 
The primary coolant system in LWR’s operates at high temperatures (290-330 oC) and mass flow 
rates (~1800 kg/sec) causing corrosion of steam generator pipes and other primary loop 
components. These corrosion products when transported into the reactor core tend to deposit 
around the upper portion of fuel elements forming the crud layer. Past research and modeling 
efforts show that wick boiling is the major mode of heat transfer in these deposits [7]. Local 
boiling phenomenon, with reference to Figure 2-8, occurs in the chimney of porous deposit and 
provides the capillary force at the chimney crud interface to draw coolant through inter-
particulate spaces to the clad surface. Vapor formation takes place which subsequently escapes 
through porous channels or the chimney. Coolant additives and impurities are carried into the 
porous deposit by the capillary action and tend to concentrate near the chimney wall. Boric acid, 
lithium hydroxide and hydrogen are dissolved in primary coolant to control reactivity and 
maintain pH at operational temperature. These chemical species transport inside the crud layer 
and the subsequent wick boiling causes their concentrations to swell. Boron, a strong neutron 
absorber, leads to suppression of neutron flux around these crud deposits.  
 
Figure 1-4: Crud structure and chimney distribution obtained from Vogtle-2 cycle 8. [2] 
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1.2 Objectives and Scope of Study 
The overall objective of this research is to develop an advanced, coupled thermal hydraulic and 
chemistry model to understand hideout and crud structure. A better understanding of transport 
and chemical processes happening inside crud structure provides a framework for development 
of advanced crud growth/deposition model. To this end, a two-dimensional wick boiling model 
was advanced to model boric acid transport; a crud-chemistry model incorporating radiolysis of 
water, boric acid chemistry and precipitation using non-ideal thermodynamics; and a simple 
crud-deposition model were developed. 
A 2-dimensional wick boiling transport model describing hideout mechanisms of Boric acid and 
Lithium hydroxide is utilized. In this model momentum, energy and solute transport equations 
have been coupled to understand the general behavior of temperature, pressure and solute 
concentration within the porous crud and chimney structure. Modifications to boiling point 
elevation and diffusion coefficients for respective species are done. The effect of crud geometry 
i.e. thickness, porosity and heat flux levels on hideout of boron in the subcooled boiling volume 
have been examined.   
Crud-chemistry model includes a 38 reaction model of radiolysis of water and chemical reaction 
mechanisms leading to precipitation and crud growth. Radiolysis model takes into account the 
alpha dose from 
10
B(n,)7Li reaction in bulk coolant. It is benchmarked using knowledge of pH 
at temperature in PWR system as well as through influence of dissolved hydrogen on 
suppression of peroxide and oxygen levels. A time-dependent solute transport model of stable 
radiolysis species (hydrogen, oxygen and hydrogen-peroxide) in the porous crud is utilized. 
Furthermore, a simple equilibrium reaction model is employed to simulate boric acid equilibria, 
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dissociation of lithium hydroxide and precipitation conditions in crud. Study of a typical 
operational cycle with varying primary coolant chemistry is performed. pH within crud deposits 
is examined in detail and the significance of precipitation of LiBO2 are presented. Also, with the 
available data from Callaway Cycle 9, a tentative crud-deposition model utilizing experimentally 
obtained corrosion rates of Alloy 600 and Stainless steel is developed to estimate the total mass 
of boron needed to cause the offset.  
Chapter 4 entails the presentation and discussion of results from this work. Conclusions and 
recommendations for future work are presented in Chapter 5.   
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 The scope of literature review includes: subcooled nucleate boiling, properties of boric 
acid essential to PWR operation, boron hideout mechanisms, along with a description of 
numerical modeling studies of solute transport in porous media. 
2.1 Subcooled Nucleate Boiling 
 
The operational temperature of primary coolant in PWRs ranges from 290 – 330 oC at highly 
pressurized conditions (155 bar). Conditions in the upper portion of the reactor core may result in 
localized subcooled nucleate boiling. Local clad wall temperatures sufficiently exceed local fluid 
saturation temperature corresponding to operating pressure (345 
o
C). Pre-existing vapor bubbles 
on the clad surface nucleate and grow. The wall temperature that marks the onset of nucleate 
boiling can be predicted using the Bergles-Roshenow or Davis correlation given in equation 2-1 
and 2-2 respectively [8].       measures the necessary superheat above saturation for onset of 
nucleate boiling. Clad temperature exceeds saturation temperature plotted in Figure 2-1 for PWR 
operating conditions. 
        (     ( )      )         (
   
           
)      
      
 (2.1) 
where, all values are in SI units except pressure (P) in bar.  
 
      √
        
       
 
(2.2) 
where,   is the liquid-vapor surface tension,    is thermal conductivity of liquid,   is density of 
saturated vapor and     is the enthalpy of vaporization. 
CHAPTER 2. LITERATURE SURVEY                                        
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Figure 2-1: Superheat for onset of nucleate boiling at 155 bar.  
Superheat needed for nucleation is very small compared to the saturation temperature value and 
can be neglected. In this case,            can be used as the criteria for locating subcooled 
flow boiling regime. In general, heat transfer process is extremely efficient in this region. 
Temperature drop across the cladding wall and the fluid is no longer linear as with single-phase 
convective flow. Subcooled nucleate boiling region starts where the bubbles are first observed in 
the liquid, and extend up to the point where the bubbles are stable and the liquid become 
saturated.  
This boiling process has been related directly to the formation of crud in PWRs. Study done by 
Bindra and Jones [9], show that nucleate boiling leads to transport of corrosion particles around 
the nucleation sites. Upon accumulation of nickel and iron based corrosion particles from steam-
generator tubes over the course of fuel cycle, crud formation takes place around the fuel 
elements. Crud deposition modeling requires knowledge of thermodynamics of nickel and iron in 
high pressure conditions as well as general estimate of their release rates. A first order 
approximation using nickel oxide and nickel ferrite as deposits is discussed in Chapter 4.  
0
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Figure 2-2: Subcooled nucleate boiling occurs when            [5]. 
Heat flux in boiling regime is a combination of convective and nucleate boiling fluxes. In partial 
boiling regime, a power law sum of convective and nucleate boiling heat is used [8]. Convective 
heat flux behavior can be modeled by Newton's law of cooling. However, nucleate boiling heat 
flux doesn't vary linearly with temperature difference. Empirical correlations developed by Jens 
and Lottes (eqn. 2.3) or Thom (eqn. 2.4) are used to calculate the nucleate boiling heat flux based 
on the temperature difference between the clad surface and the bulk coolant [8]. This correlation 
is valid for the coolant characteristics of both PWR and BWR. Through the use of nucleate 
boiling heat flux and the enthalpy of vaporization, mass evaporation rates can be estimated. 
Coolant evaporation rates are essential to determine the rate of deposition of corrosion products 
around fuel pins. 
    
  
 (
  
   )
(  ) 
(       )
  (2.3) 
where P is the pressure in units of MPa,     is the heat flux in MW/m2 and temperature in ℃. 
    
  
 (
  
   )
(    ) 
(       )
  (2.4) 
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An alternative approach to determining location of net vapor gain is provided by Saha and Zuber 
[8]. This method doesn't require the knowledge of heat transfer coefficient, but utilizes the 
information on mass flux, hydraulic diameter, and water properties. 
 
Figure 2-3: Flow boiling with phase transition in a BWR. [Cohen] 
According to Saha and Zuber, the point of transition from single-phase liquid to subcooled 
boiling flow is the point of bubble detachment [8].  Let:  
 
(     )           (   ) (2.5) 
Then: 
 
(     )           (
    
  
)                        
(     )          (
  
    
)                        
(2.6) 
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Where Pe = Peclet number = GmDeCp/kl. Cp and kl = heat capacity and thermal conductivity of 
water. Tm = mean temperature of water. After performing energy balance over the single phase 
liquid region we obtain the following equation for Zsc i.e. the point of transition from single-
phase boiling to subcooled flow boiling: 
     
    
      (   )      
     
 
(2.7) 
 
Figure 2-4: Depiction of subcooled boiling volume in a PWR core.  
 
A report put forth by researchers at EPRI [5] showed that net vapor generation point is never 
reached in a PWR core. Bubbles form and collapse at the clad surface and do not contribute to 
the vapor flow in the bulk coolant. Hence, Saha and Zuber’s correlation cannot be used in this 
work. Also, evaporation rate estimation needs to be done with local parameters at clad wall.  
With appropriate correlations and the information on fluid temperature, pressure, flow conditions 
and heat flux, subcooled boiling lengths along the entire core can be calculated. Boiling location 
would be first observed around the center of core and widens axially above it. At the top of the 
core, power level drops spatially causing narrowing of boiling volume as shown in Figure 2-4. 
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2.2 Coolant Temperature Variation in Core 
Temperature of the bulk coolant in the core varies in spatial directions. Calculating the actual 
temperature distribution is theoretically possible using the knowledge of local power distribution 
and local flow rate. In practice, temperature measurements are done using thermocouples that are 
inserted in the reactor core at various locations. Sub-nucleate boiling is strongly influenced by 
bulk fluid temperature as discussed in section 2.1. A simple theoretical approach to calculate the 
mean temperature variation along the center of the core is described below. 
     ( )    (
  
  
)      (
  
  
) 
(2.8) 
Average linear heat rate can be found by using its definition as show below. 
   ( )  ∫   
  
 
∫     (     )    
   
 
 (2.9) 
where RFO is the outer fuel radius. Utilizing the data on average linear heat rate, obtained from 
Thermal Hydraulics Vol. 1 [8], the proportionality constant, C, can be estimated. 
   
       
∫     
    (
  
  
)   
    
     
 
(2.10) 
Once the proportionality constant is estimated, a lumped heat balance over the entire core-length 
can be done to derive equation for temperature variation along the center of the core along the 
axial direction. 
 ∫   ( )   
 
     
  ̇  ̅( ( )    ) (2.11) 
where   ̅ is the average specific heat at constant pressure within the core. N is the total number 
of fuel elements in the core. In rearranging the above equation, we obtain the equation for 
temperature as a function of axial position. 
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  ( )      
     
  
 ̇  ̅
  
 
(      (
  
  
)) 
(2.12) 
2.3 Boric Acid in PWR 
 
Chemical shims are used in nuclear reactors to reduce mechanical control rod requirements, 
providing economy and reduction of core size and better operational safety. Two necessary 
properties of chemical shim important when considering its application in a LWR are: [10]. 
1) The solubility and cross section must be such as to provide the design absorption 
characteristics in the coolant. 
2) The compound must be chemically and physically stable over the whole range of 
conditions of application. 
 
Figure 2-5: Callaway Primary Coolant Boron concentration for cycles 8,9,10 and 11 obtained from EPRI 
report [11] 
As expected, a variety of materials satisfy the first requirement; however, boric acid is the only 
one that is stable in physical and chemical properties over the operating conditions in PWR. 
Natural boric acid which contains approximately 19.8% B
10
 is used as the chemical shim in the 
current US reactor fleet. At the beginning of cycle approximately 1350ppm natural boric acid 
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was dissolved in the primary coolant at Callaway [3]. Depending on the reactor type and 
operating conditions, initial bulk boric acid concentration may differ and could be as high as 
1800 ppm. More boric acid was dissolved in Callaway for a short duration following the startup 
as seen in Figure 2-5. Over the course of eighteen months, boric acid concentration steadily 
decreases to zero at the end of the cycle. However, the enrichment of B
10
 in the coolant changes 
due to its removal by neutron absorption reaction due to its high absorption cross section for 
thermal neutrons.  
 
10
B + n   7Li +  + 2.35 MeV 
(2.13) 
Thus, when estimating the soluble boron concentration in the crud layer, the actual amount of 
B
10
 will be lower. 
2.3.1 Boric Acid Equilibrium  
 
The electrochemistry of solutions of boric acid at elevated temperature and pressures have been 
examined in this study. Multiple references have suggested different equilibrium mechanisms for 
boric acid. Cohen's book adopts the boric acid equilibria model presented by Byrnes where total 
boron in solution is assumed to be distributed between 3 species: un-dissociated boric acid, 
mono-borate ion B(OH)4- and tri-borate ion B3O3(OH)4- [10]. Following equilibrium 
mechanisms are suggested:  
 
 (  )            
   (  ) 
  
  (  )      
      (  ) 
      
(2.14) 
Mesmer et al. suggested boric acid equilibria in water is chiefly among un-dissociated boric acid 
and borate and polyborates at high temperatures [12] (adapted from [13]). They suggested that 
the presence of mono-borate ion was universally accepted, while they strongly suggested the 
presence of di-borate and tri-borate in small quantities.   
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   (  )    
    (  )    
  
(2.15) 
A recent paper published by Henshaw et al. [14] adopted a variation of the boric acid 
equilibrium model proposed by Weres et al. [15]. Un-dissociated boric acid exists as the major 
species along with mono-borate ion. Weres also mentioned the existence of neutral boric acid 
trimer     (  ) . However, he also suggested that ignoring the trimer in his modeling studies 
had the least effect on variance and that its presence is least well established.  
 
 (  )    
   (  ) 
  
  (  )    
     (  ) 
      
  (  )      (  )       
(2.16) 
The equilibrium constants for the model suggested by Weres et al. were available for only 277 
and 317 ℃. Hence, the model suggested by Mesmer has been adopted in this study. Details on 
the chemical speciation and equilibrium quotients have been presented in Appendix-A.  
2.3.2 Volatility of Boric Acid 
Boric is volatile, especially at high temperatures and pressures. Phase transition of boric acid 
(liquid to vapor) would result in a lower concentration of solute within the crud. The reaction of 
interest is shown as: 
      ( )      ( ) (2.17) 
Volatility of boric acid can result from both dissociated and un-dissociated aqueous boric acid. 
Tskhvirashvili et al. [15] suggested the following equation for calculating distribution coefficient 
(  ) in boric acid solutions: 
       
  (   )  
  
(2.18) 
where   is the degree of hydrolysis of borates,   
  and   
  are distribution coefficients for the 
un-ionized and ionized borates respectively. Reported values of   
  and   
  at saturation pressure 
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of 2100 psia are 0.200 and 0.030 respectively. Following equation using ratios of vapor and 
liquid density can be used to calculate  
 :  
   
   (
  
  
)
   
 
(2.19) 
 
Figure 2-6: Volatility of boric acid in its aqueous solution. [10] 
Figure 2-6, taken from Cohen, shows different models that predict the distribution coefficient of 
aqueous boric acid. Although major differences in data are seen in the models at lower 
temperatures, they all tend to agree at temperatures of 280 to 300 
o
C. Plyasunov [16] derived an 
equation (eqn. 2.20) for boric acid distribution coefficient at high temperatures. This study 
assumes infinite dilution of boric acid without considering liquid to vapor partitioning of borate 
ions.   
            
 (      )
  
  (2.20) 
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    is the Krichevskii parameter and suggested value is -75 MPa, R is the gas constant, T is 
temperature in Kelvin,    is the density of water at critical temperature (0.333 g/cm
3
) and    is 
the density of liquid water at given temperature. Values of distribution coefficient computed 
from both models are in good agreement over the temperature range of interest in PWRs. The 
assumption of infinite dilution would induce error in the model when solute concentrations are 
large. A simple correction used in this study to account for this behavior is the modification of 
density of water   , which is computed using the following equation: 
     
           
       
 (
 
   
) 
(2.21) 
    and     are molar concentration and mole fraction of boric acid respectively, and    is 
mole fraction of water (equal to 1-   ).  
2.4 Boron Hideout Mechanism 
 
There are three main mechanisms of boron hide-out in the crud layer: 1) transport of boric acid 
due to evaporation of coolant at chimney wall, 2) adsorption of boron compounds into the porous 
crud, and 3) precipitation as Lithium Metaborate (LiBO2) or interaction with Fe, Ni, etc. to form 
Bonaccordite (Ni2FeBO5) within the crud layer.  
2.4.1 Boric Acid Transport in Crud 
The transport of coolant into the porous layer is aided by evaporation at the chimney. Upon 
evaporation of bulk coolant, solute concentrations within the porous layer increases than the bulk 
coolant. Solute concentration distribution within the porous layer is determined by two 
mechanisms namely molecular convection and diffusion. The solute concentration along the 
chimney wall tends to be higher than in other locations in the porous layer due to evaporation of 
coolant at this interface. Maximum concentration along the chimney wall occurs at the clad-crud 
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interface and minimum concentration occurs at the coolant-crud interface equal to bulk 
concentration. In many modeling studies, the concentration along the chimney wall has been 
represented using exponential functions. This concentration gradient drives the molecular 
diffusion in both radial and axial directions. Relevant transport models are discussed below.  
2.4.1.1 One-Dimensional Solute Transport Model  [5] 
Boiling within crud occurs at the surface of the clad and majority of the energy release occurs 
through evaporation of coolant at the chimney wall. Figure 2-7, below shows the one-
dimensional wick boiling model.  
 
Figure 2-7: One-dimensional model of wick boiling and solute transport in crud. [5] 
 
EPRI's one-dimensional model for solute transport within the porous layer is derived through 
representations of Fick's law with a linear average velocity component.  
  
  
  
  
   
   
 (2.22) 
  ( )  is the solute concentration along the chimney wall and     is the diffusion coefficient of 
solute (boric acid) in the coolant, which is explained in detail in section 3.2.2. The velocity of the 
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steam through the chimney     used in the above expression is an averaged value that is related to 
the heat flux at the clad surface (   ), porosity of the crud ( ), density of the liquid (  ), and the 
latent heat of vaporization (   ), and is expressed in eqn. 2.23. 
       
   
      
 
(2.23) 
The expression for average velocity of steam is substituted in eqn. 2-22, and a homogenous 
differential equation is obtained. Upon solving the differential equation with boundary conditions 
such that solute concentration at the clad wall is finite and at the crud-coolant interface equal to 
the bulk concentration(  ), an expression for concentration along the chimney wall is obtained. 
 
 
   
   
 
   
      
  
  
   
 ( )         (
   (   )
       
) 
(2.24) 
This approach to solute transport modeling balances the molecular diffusion and convection in 
the porous layer. It also assumes that all evaporation occurs in the chimney and not within the 
porous crud. Furthermore, the assumption of uniform velocity along the chimney wall doesn't 
take into account the pressure variation in the chimney. The velocity equation takes into account 
the porosity of the crud but disregards the tortuosity of the layer. Generally, the one-dimensional 
model overestimates the average solute concentration factor for cases involving high heat flux 
levels or bulk solute concentrations. Similar study has been done by Mann and Castle [7], and 
they suggested that over estimation is due to the fact that solute concentration is not limited by 
diffusion, but only by heat flux and/or solubility limits of the solute. 
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2.4.1.2 Wick Boiling Model [7] 
A two-dimensional model in cylindrical geometry considering the transport of heat, mass and 
momentum was employed by Pan and Jones. The geometry depicted in Fig 2-8 assumes a 
uniform distribution of chimneys in the porous media. Non-dimensional coordinate system is 
utilized and the governing equations and boundary conditions are normalized.  
 
Figure 2-8: Schematic of wick boiling phenomenon in porous layer formed around cladding. [7] 
 
A capillary-driven flow is induced in the porous layer due to the evaporation at the chimney 
walls. This type of flow-field is modeled using the Darcy’s law and continuity equation. Darcy 
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flow equation with appropriate velocity equations when plugged in the continuity equation 
yields: 
     
    (2.25) 
where: 
    
 
 
 
  
 
 
  
   
 
  
   
 
(2.26) 
Boundary condition covers evaporation at chimney wall that induces a water flux resulting in the 
radial liquid velocity. Symmetry results in zero net radial velocity at the adiabatic cell boundary. 
Impermeability of heating surface results in zero axial velocity at  =0. At the coolant-crud 
interface pressure equals the system pressure.  Flow field in the porous shell can be evaluated by 
solving the above equations and are found to be infinite series solutions.  
 
Water flux at chimney wall is a key component in solving temperature and pressure distribution 
in the crud layer. Schrage model is employed to find water flux for small evaporation rates. This 
incorporates the water vapor pressure, Pw, which is a function of local interface temperature and 
solute concentrations. Effect of solute is related to the water flux through the boiling point 
elevation, which is discussed in greater length in the Chapter 3. Steady state heat conduction is 
the dominant mechanism of heat transfer in the porous cylindrical shell. The non-dimensional 
heat conduction equation is simplified as follows: 
       (2.27) 
where: 
    
    
   
 
(2.28) 
   depends on the type of boundary condition used. If temperature at coolant-crud interface is 
assumed to be at saturation,    is equal to the saturation temperature corresponding to the system 
23 
 
pressure. If subcooled conditions are imposed then    equals the bulk coolant temperature.     
is the temperature drop due to pure conduction through the porous layer.  
Governing equation for the solute flux, eqn. 2.29, ignores the Soret effect. Using the crud 
thickness as the length scale the conservation equation for solute transport in dimensionless form 
is shown below. 
        [
 
 
 
  
(   
  )    
 
  
(  
  )] 
(2.29) 
where   is the non-dimensional local solute concentration factor = C/Cb. Cb is the bulk fluid 
solute concentration and is a known input in the program. Pem is the Peclet number based on the 
chimney radius. For the boundary conditions, the radial solute flux at chimney wall is assumed to 
vanish. At the outer radial boundary, symmetry of radial flux results in zero net flux. Assuming 
no reactions between heating surface and solute, the axial solute vanishes at clad wall.  At the 
coolant-crud interface, solute concentration equals the bulk fluid solute concentration.  
Flow in the porous shell is driven by the evaporation in the chimney. Subsequently, the vapor 
flow in the chimney is driven by a pressure drop. Estimating this pressure drop is made difficult 
by the non-uniform evaporation of water and also by the tortuous structure of the chimney wall. 
However, the pressure drop is a weak effect on the heat transfer model due to the relatively thin 
crud layer. Hence an approximate method assuming vapor flow as laminar and incompressible 
has been adopted by Pan. Chimney is divided into several regions with uniform injection/suction 
and a mean injection velocity obtained from averaging the velocity distribution is employed.  
2.4.2 Adsorption of Boron Compounds 
Fletcher et al. [10] introduced the Langmuir model for competitive adsorption of boron 
compounds in the crud based on the assumption that the surface contains fixed number of 
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adsorption sites for which  (  ) ,  (  ) 
 , and     compete. Fletcher developed a series of 
measurements to relate the local boric acid concentration in the crud to the amount of boric acid 
adsorbed per gram of corrosion products or crud shown in Figure 1-1. 
 
Figure 2-9: Uptake of boron by synthetic crud from boric acid solution at 25°C and 300°C. [Cohen] 
EPRI [3] developed a correlation on the basis of Fig. 2.5. This equation assumes that crud is 
formed from nickel based compounds. However, the correlation is valid for boron concentrations 
larger than 216 ppm (mg B/kg H2O) only. This study also suggested that adsorbed boron is only 
a small fraction of boron inventory in the crud, and the main forms of boron are solid LiBO2 (if 
present) and soluble boron.  
2.4.3 Precipitation of Boron 
The chemistry of boric acid and lithium hydroxide in bulk coolant has been studied in great 
detail. At these bulk conditions, lithium ion concentrations are very low and cannot cause 
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precipitation reactions. However, when transported within the crud the varying degree of 
diffusion coefficients of LiOH and H3BO3 results in significant hideout within the porous layer. 
One of the implications of higher concentrations of both of these species is the precipitation of 
Lithium Metaborate as shown in the chemical reaction equation 2.30.  
    (  )       (  )       (  )   
 (  )     ( ) (2.30) 
One-dimensional model presented by Henshaw et al. [14] suggests that precipitation could be 
significant for thick cruds and could become the significant (as much as 99%) hideout 
mechanism of boron within the crud at higher thickness and high bulk boron concentrations. 
Another crud parameter affected by precipitation would be porosity near the crud-cladding 
interface. As more deposits are accumulated, this could result in a solid layer developing near the 
cladding interface. As such this would lead to a reduced temperature profile due to enhanced 
conduction through the solid layer. In some reactor cores severely affected by axial offset, such 
as Callaway, the measured crud thicknesses were well beyond 60 m. In such crud layers, the 
temperature near crud-clad interface could exceed 400 ℃. In these conditions, it is possible for 
boric acid to react with the oxides in the porous layer leading to formation of complex 
bonaccordite (Ni2FeBO5) crystals. Depth profile of crud samples from Callaway showed 30 to 40 
m wide zone of dense, zirconium free, Ni2FeBO5, on the cladding side of the flakes [17].  
2.5 Crud Coolant Chemistry 
Operation PWRs employ boric acid as a chemical shim to control reactivity. To account for the 
decrease in pH of bulk coolant Lithium hydroxide (LiOH) is added into the bulk coolant in small 
concentrations (2-3 ppm). At bulk coolant concentrations the chemistry between these species 
has been well developed. However, within porous crud layers the concentration increases 
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significantly and leads to fascinating chemical kinetics. This study aims to expand the coupling 
between thermal hydraulics and chemistry of solutes in crud.  
 
Figure 2-10: Bulk boric acid and Lithium hydroxide concentrations during power reduction at Callaway 
cycle 9 [4].  
 
Chemistry within the crud is influenced by the type, state and concentration of species, which is 
a function of transport mechanism and temperature distributions and hence linked strongly to 
thermal hydraulics. Additionally, the chemical kinetics of various species could lead to change in 
state, formation of new species and change in pH within the porous layer. These phenomena are 
important to understand composition of crud and corrosion of cladding surface.   
2.6 Radiolysis of Water 
Radiolysis of water brings a significant effect on the operational chemistry of primary water 
coolant. High gamma and neutron dose in the core leads to production of various oxidizing and 
reducing chemical species. Boric acid in primary coolant absorbs thermal neutrons leading to 
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production of alpha particles. The yield of a radiation chemical reaction, G-value is defined as 
the mean number of particles such as molecules, ions and radicals formed upon the absorption of 
100 eV of ionizing radiation energy in the substance [18]. Table 2-1 details the yields of 11 
chemical species considered in this study provided by Macdonald and coworkers [19]. Dissolved 
hydrogen is added to the primary coolant circuit to suppress the production of oxidizing species 
such as O2 and H2O2.  
Table 2-1: G-values of radiolysis species at 285 
o
C. 
Species G values (# of molecules/100 eV) at 285 
o
C 
(Macdonald [19] 
 -ray Neutron -particle 
H2 0.62 0.88 1.65 
H2O2 1.25 0.99 1.55 
O2 0.00 0.00 0.00 
H
+
 4.15 0.93 0.13 
OH
-
 0.00 0.00 0.00 
HO2 0.00 0.04 0.00 
e
-
 4.15 0.93 0.13 
H 1.08 0.50 0.12 
OH 3.97 1.09 0.45 
HO2
-
 0.00 0.00 0.00 
O2- 0.00 0.00 0.00 
 
The change of concentration of radiolysis species with time is a function of molecular diffusion, 
convection due to bulk fluid motion and migration in presence of electric field. This is described 
by the Nernst-Plank equation, which extends the Fick's law of diffusion to describe motion of 
charge particles. Thus, the mass balance equation would be as follows: 
 
   
  
   (             
 
  
    )     (2.31) 
   is the diffusion coefficient of the given species,   is the velocity of the bulk coolant,    is the 
charge number,   is the Faraday's constant,   is the gas constant,   is the temperature,    is the 
electric field strength and     is the production rate of the species (discussed in section 3.3).  
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In the porous crud structure, the velocity of the coolant is very small and hence its effect on 
concentration is negligible. Joe [18] in his thesis demonstrated that the effect on concentration by 
molecular convection is negligible to diffusion for radiolytic species. Also, due to the absence of 
electric potential in the crud, charge migration effects can be neglected. This leads to a rather 
simplified transport model for radiolysis in cylindrical geometry shown in eqn. 2.32.  
 
   
  
   (
 
 
 
  
( 
   
  
)  
    
   
)     (2.32) 
2.6.1 Monte Carlo 2-D Diffusion Model 
Joe [18] recently put forth a Monte Carlo probabilistic model to simulate molecular diffusion of 
radiolysis products in the porous medium. This model has the capabilities to solve transient 
solute diffusion equation with a constant source term. This model takes in four major 
assumptions which are 1) precipitation doesn’t occur in porous medium; 2) effective diffusion 
coefficient is a function of tortuosity, porosity and solvent diffusion coefficient; 3) reaction 
between solutes and cladding surface doesn’t occur; and 4) influence of mass convection on 
solute distribution is negligible when compared to molecular diffusion.  
Crud geometry used in this model matches that of wick-boiling model. However, unlike the wick 
boiling model, MC diffusion solver is not coupled to the thermal hydraulics. This approximation 
is reasonable because the concentration levels of radiolysis species are much smaller than 
B(OH)3 and LiOH. Hence, the effect of radiolysis species concentration on temperature and 
pressure distribution would be negligible. Chimney wall boundary condition is an extension of 
one-dimensional wick boiling model which provides a concentration gradient for diffusion 
mechanism inside the porous structure. Symmetry boundary condition is employed at the 
adiabatic cell boundary. At the crud-clad interface, axial flux vanishes due to impermeability of 
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the surface. Also, the concentration is set equal to bulk concentration at the coolant-crud 
interface. 
 
Figure 2-11: Schematic of porous domain and appropriate boundary conditions for MC Diffusion model. 
[18]. 
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 In this chapter, modifications to the two-dimensional transport models for boric acid, 
lithium hydroxide and radiolysis species are presented. The fundamentals chemical reactions 
important and numerical methods employed in crud-chemistry model is discussed. Wick boiling 
model was modified to account for boiling point elevation and diffusion coefficient of H3BO3 
and LiOH. The time-dependent concentrations of radiolysis species were modified to incorporate 
one-dimensional solute transport model at the chimney wall. Additionally, chemistry of various 
species in the crud is modeled through radiolysis and chemical reaction mechanics presented in 
section 2.4. Numerical modeling techniques to incorporate it into the transport model are 
presented in the following sections. 
3.1 Computational Geometry  
A two-dimensional model in cylindrical geometry assuming uniform chimney distribution in 
porous media is utilized.  
Figure 3-1: Depiction of computational geometry of a cylindrical unit. [7] 
CHAPTER 3. MODEL DEVELOPMENT 
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3.2 Modifications to Wick Boiling Model 
A summary of the governing differential equations and boundary conditions implemented in the 
thermal hydraulic model of transport of boric acid, lithium hydroxide is shown in Figure 3-2. 
This section discusses the fundamental modifications to the original wick boiling model 
developed by Pan and Jones [7]. To successfully model boric acid transport in crud, boiling point 
elevation and diffusion coefficient need to be changed. Furthermore, the fit of boiling point 
elevation used in iterative scheme to solve solute concentration profile were adjusted to account 
for larger bulk concentration of H3BO3. Chimney wall boundary condition was modified to 
incorporate volatility of boric acid. 
 
Figure 3-2: Governing equations for momentum, energy and solute transport with their respective 
boundary conditions in the porous cylindrical shell. 
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3.2.1 Boiling Point Elevation 
Boiling point elevation in the crud due to the transport of solute is an important mechanism 
concerned to the solution of the coupled problem. Previous modeling study performed by Pan [7] 
incorporates the effect of boiling point elevation of LiOH transport in the porous media as a 
function of the solute concentration. Due to the small concentration of LiOH in the bulk coolant, 
the effect on the boiling point elevation is small (0 - 4 
o
C) even for large crud thicknesses. 
However, with boric acid the concentration in bulk coolant is much more significant. Hence, for 
large crud thicknesses the effect of boiling point can be significant.  
Boiling point elevation is a function of saturation temperature and the solute concentration along 
the chimney wall. For dilute concentrations of solute in bulk coolant, boiling point elevation can 
be computed using eqn. 3.1 assuming that solute is non-volatile in the porous media. 
                 (3.1) 
where, Kb is the ebulliscopic constant.           is the molality of the solution i.e. moles of solute 
per kilogram of solvent and     is the Van’t Hoff factor which characterizes the number of 
individual particles (ions) formed in solution. Ebulliscopic constant is estimated using the 
following equation. 
    
   
  
   
 
(3.2) 
 ‘R’ is the real gas constant, ‘Tb’ is the boiling point of solvent, ‘M’ is the molar mass of solvent, 
and       is the heat of vaporization per mole of solvent at the specified conditions. With larger 
concentrations, the assumption involving dilute concentration of solute is violated. Boric acid is 
volatile in elevated temperature and concentrations which would reduce the overall elevation in 
saturation temperature. EPRI [3] developed an analytical fit (eqn. 3.3) for the elevation in 
saturation temperature of boric acid solutions as a function of boric acid mole fraction     from 
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0 to 0.2. The pressure condition used in correlation is 155.41 bar, and the corresponding 
saturation temperature for pure water is 618.15 K.  
               
           
           ( ) (3.3) 
A sample calculation using the bulk boron concentration of 700 ppm shows the boiling point 
elevation to be 0.3 
o
C in the primary coolant. Boiling point elevation values computed from eqn. 
3.3 are lower compared to those computed assuming non-volatile, dilute concentration, which is 
expected and shown Figure 3-3 below. 
 
Figure 3-3: Elevation of saturation temperature of aqueous boric acid solution. 
 
Saturation temperature elevation of lithium hydroxide solutions at 2000 psia can be conveniently 
expressed as a function of molality of solution (Figure 3-4). For high concentrations (greater than 
4 M) the equilibrium temperature doesn’t change and reaches solubility limit at 6.25 M. At this 
point water in the solution evaporates and LiOH precipitates [10].   
Bulk concentrations of LiOH and B(OH)3 at the beginning of cycle are 2ppm and 1800ppm 
respectively. At higher concentration than bulk, contributions to the increase in saturation 
temperature of water is more significant from boric acid (15 - 30 ℃) than from lithium hydroxide 
(0 - 4℃).    
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Figure 3-4: Superheat of LiOH solution at 2000 psia [Cohen] 
3.2.2 Diffusion Coefficient of Boric Acid 
Boric acid diffusion in liquid can be described as the combined diffusion of non-electrolytes and 
electrolytes because of the existence of both undissociated boric acid and several borate ions in 
the solution [20]. Diffusion coefficient of boric acid is also a function of pH control. It has been 
shown that diffusion coefficient for solution without pH control is larger than those solutions 
with pH control. In a PWR, pH effects on reactivity is a composite effect of Doppler, void, and 
poison reactivity that bear different relationships to power level [10]. However, the overall pH 
level at operating conditions in a reactor is around 7.0. Park and Lee developed a correlation for 
aqueous boric acid solution with pH control which is characterized as effective diffusion 
coefficients [20]. Equation 3.4 shows the applicable correlation for aqueous boric acid at 25 
o
C. 
 
    (     )                    { }          { }  
               
(3.4) 
  is the boric acid concentration in         To estimate the Diffusion coefficient at higher 
temperature, Stokes-Einstein relation is utilized [21]. Einstein showed that diffusion in a liquid 
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and molecular movement of particles possessing same mean kinetic energy at a given 
temperature is given by the following equation. 
   
  
  
 
 
 
 
(3.5) 
Where R is the gas constant;    is Avogadro’s number; and T is the absolute temperature. C is 
denoted as frictional resistance of molecule. Stoke postulated that for spherical particles moving 
in a medium of proportionately small molecules the frictional resistance constant can be is 
proportional to dynamic viscosity   and   is the radius of the particle 
        
(3.6) 
Combining the above two equations we get: 
  ( )  
  
  
 
    
 
(3.7) 
As the diffusion coefficient of aqueous boric acid at 25 ℃ is known, equation 3-8 is used to 
calculate the diffusion coefficient at any given temperature in Celsius scale. 
  ( )   (  ℃)  
 (  ℃)
 ( )
 
        
      
 
(3.8) 
 
Figure 3-5: Diffusion Coefficient of Boric Acid in water and viscosity of water versus temperature. 
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Figure 3-5 shows the diffusion coefficient and viscosity of water at 15.5 MPa as a function of 
temperature. Effective diffusion coefficient in porous media is governed by the porosity    and 
the tortuosity of the porous structure     in addition to the molecular diffusivity of the liquid at 
operating temperature. The value of tortuosity suggested by Pan is       [7]. 
            
 
 
         (3.9) 
In performing the above calculation the dynamic viscosity coefficients utilized are those of water 
due to unavailability of viscosity coefficients for aqueous boric acid. Hence, the effect of solute 
at low concentrations on dynamic viscosity is ignored. The error resulting from this assumption 
is negligible at low concentrations. However, the effect of increased solute concentration on 
dynamic viscosity of coolant in the porous media can be a source of significant error.  
3.2.3 Chimney Wall Boundary Condition 
At the chimney wall,  =1, the radial flux will vanish if the solutes are non-volatile. However, for 
volatile solutes the following modification is necessary which reduces the concentration fraction 
in crud. This would cause a decrease in elevation of boiling point of coolant.  
 (
  
  
)
   
      
 ( ) (   )        
 ( ) (   ) (3.10) 
Volatility of the solute,   , can be estimated using the method described in section 2.3.2.   
3.3 Crud Chemistry Model  
In chapter 2, Table 2-1 outlined the chemical reactions considered in the crud chemistry model. 
Appendix A elaborates on the temperature dependent correlations utilized in computing 
equilibrium quotients of these reactions. Numerical scheme used to solve distribution of species 
in the crud is explained in the following section. 
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3.3.1 Chemical Reaction Model 
Chemical reactions within the crud are included in this modeling study in the form of 
equilibrium equations [22]. For example, the following reaction: 
        
(3.11) 
At equilibrium, the forward reaction rate and the backward reaction rates are equal, and their 
ratio defines the equilibrium coefficient. 
    
  
    
 
(3.12) 
where: C denotes the equilibrium molar concentrations. Changing the above equation to the units 
of molal concentrations (m) and activity coefficients ( ) yields: 
    
  
    
  
    
 
(3.13) 
The ratio of molal concentrations is called equilibrium quotient. Molalities (moles/kg) are 
generally preferred over molar concentration (moles/L) because they are not affected by the 
expansion or contraction of water with temperature and pressure [22]. Equilibrium constant is a 
function of temperature, pressure and ionic strength. The non-ideal thermodynamic corrections 
using activity coefficients are necessary as the solution concentrations within the deposit can be 
of the order of several molars. Debye-Huckel equation was employed to compute the mean 
activity coefficients of relevant ions.  
3.3.2 Reactions Important to Crud Chemistry 
Primary coolant in PWR contains boric acid, lithium hydroxide and dissolved hydrogen. 
Radiolysis of water produces a host of chemically reactive species such as H2O2, H2, O2, and 
OH
-
 which are important in understanding cladding corrosion as well as crud formation 
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mechanism. To limit the scope of this study, only reaction mechanism important to boric acid 
and lithium hydroxide distribution have been considered.  
Table 3-1: Reactions important to the Crud Chemistry Model 
 Reaction type Equation(s) 
1) Ionization of Water     ( )   
 (  )     (  ) 
2) Boric Acid Equilibrium  (  )    
   (  ) 
  
  (  )    
    (  ) 
  
  (  )    
    (  )  
  
3) Volatility of H3BO3      ( )      ( ) 
4) Dissociation of LiOH    (  )      (  )       ( ) 
5) Precipitation of LiBO2    (  )       (  )       (  )   
 (  )     ( ) 
6) Ionic Association       (  ) 
       (  )  ( ) 
7) Radiolysis  38 reaction model including partitioning of H2 and O2 into vapor 
A detailed discussion on the equilibrium quotients has been presented in Appendix A. The 
equilibrium quotients values used in this study account for the operating conditions of PWRs. 
Dissociation of LiOH is an important reaction limiting the conditions of precipitation of LiBO2 
in crud. While LiOH dissociates completely in water at room temperatures, at operational 
temperatures of PWRs solubility coefficient is significantly reduced.  
3.4 Radiolysis of Water 
To include the effect of radiolysis species on the equilibrium mechanisms of boric acid, lithium 
hydroxide and conditions leading to precipitation of lithium metaborate, a 38 reaction radiolysis 
model has been used. The reaction rate constants for the reactions considered were obtained from 
Macdonald [19] and Takiguchi [23].  In reality, there could be additional reaction mechanisms 
involving the 11 species considered in this study. However, this list of reactions has been used 
commonly in other modeling studies of radiolysis of water. To describe the time dependent 
behavior of radiolytic species, the law of mass action was used. 
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Table 3-2: Radiolysis reactions important in PWR conditions. 
 
No 
i 
 
Radiolysis Chemical Reactions 
Reaction rate (ki) 
(L/mol*s) [19] 
583.15 K 
Reaction rate (ki) 
(L/mol*s) [23] 
578.15 K 
1             
  1.90E+02 3.234E+2 
2         2.86E+11 2.845E+11 
3           2.86E+11 5.831E+11 
4              
  1.55E+11 2.701E+11 
5        1.19E+11 1.014E+11 
6           
  2.38E+11 3.405E+11 
7         
  2.26E+11 2.869E+11 
8             
     5.95E+10 5.50E+9 
9            5.35E+10 2.662E+10 
10               1.43E+11 1.209E+11 
11      
         1.43E+11 3.356E+11 
12              2.38E+08 4.0E+10 
13            
     5.35E+09 3.296E+11 
14       
         
     7.50E+08 NA 
15            1.71E+12 2.434E+12 
16      
      3.09E-04 1.640E-1 
17          2.38E+11 4.779E+10 
18             1.52E+09 1.57E+9 
19                 4.47E+08 4.596E+8 
20               1.81E+09 4.317E+8 
21          2.26E+11 1.641E+11 
22       
     9.52E+06 3.9E+5 
23   
         5.95E+11 8.512E+11 
24              1.11E+08 5.13E+7 
25    
                  
  6.98E+08 NA 
26            2.38E+11 3.405E+11 
27     
     
  2.38E+11 3.405E+11 
28      
         
      7.39E+09 2.213E+11 
29             
      7.39E+09 2.132E+10 
30               4.04E-01 5.130E+7 
31             1.24E-03 NA 
32        
         
  1.21E+05 1.230E+7 
33       
        
  6.16E+08 4.377E+8 
34          3.19E-01 NA 
35   ( )     ( ) 2.437E+01  
From reference 
[24] 
36   ( )     ( ) 8.125E+00 
37   ( )     ( ) 1.869E+01 
38   ( )     ( ) 9.750E+00 
 
The total rate of species formed by radiolysis of coolant can be written as a combination of 
production term from radiation dose and chemical reaction with other radiolytic species [19]. 
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where   
 
,   
 ,   
  are the G-values for gamma, neutron and alpha radiation leading to production 
of species ‘i’ respectively.   ,  ,   are the dose rates in units of rad/sec (gamma, neutron and 
alpha) at a given location in primary coolant. A is a conversion factor equal to 1.04E-10 
eV/(gm*rad).   is the density of water.    is the rate constant for the reaction between species
 
l 
and k leading to production of species i. C represents the concentration of species in units of 
mol/dm
3
 for the appropriate subscripted species. Diffusion mechanism of stable radiolysis 
products (H2, O2 and H2O2) could result in significant concentrations of oxidizing and reducing 
species within the crud and has been incorporated in this study. 
3.5 Numerical Scheme 
 
Wick boiling model is implemented to find the concentration of undissociated B(OH)3 and LiOH 
in the crud. Analytical solutions for energy and flow fields are utilized by truncating the number 
of terms approximating the infinite series solution. Finite difference scheme is utilized for 
solving the two-dimensional solute concentration. Diffusional part of the solute flux at the 
surface of the control volume is discretized by central-difference scheme and the convectional 
component is approximated by first order upwind method which is unconditionally stable. 
Successive over relaxation technique is utilized to solve the iterative scheme with appropriate 
convergence criteria. At the first iteration, solutes are ignored and energy equation is solved to 
evaluate the water mass flux. Flow field is evaluated next which leads to the solution of solute 
concentration and the vapor pressure drop in chimney. The effect of solute concentration on 
boiling point elevation is evaluated and the procedure is repeated until the entire solution 
converges.  
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Figure 3-6: Schematic of numerical model. 
Resulting temperature and pressure distributions are coupled to the crud chemistry model. Bulk 
concentrations of H2, O2 and H2O2 are calculated using the -ray, neutron and -dose in primary 
coolant. Utilizing these bulk concentrations, concentration of above mentioned species in the 
crud is estimated via the MC diffusion model. Now that the concentrations of all stable species 
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are derived, the chemistry model is employed to find the final concentrations of dissociated boric 
acid, lithium ion, pH and amount of LiBO2 precipitate.  
Radiolysis model yields 11 first order time-dependent ordinary differential equations, which are 
coupled via the product of concentration of species. A stiff ODE solver using the Rosenbrock 
scheme has been used in this study. The source term for radiolysis species can be treated as a 
constant within the crud because their concentration stabilizes rapidly (10
-5
 sec) shown in Figure 
3-7. Also, the effect of lowering of density of water (due to increased concentration of boric acid 
and lithium hydroxide) on radiolytic yields was found to be negligible. Final concentration of H
+
 
and OH
-
 ions are then utilized in calculating the extent of dissolution of boric acid and lithium 
hydroxide at any node. Mass balance equations for each species are written and a set of non-
linear equations are obtained. Equilibrium quotients are calculated at a specified temperature in 
crud and utilized in a Newton-Raphson non-linear equation solver scheme to calculate the 
equilibrium concentrations of all chemical species.  
 
Figure 3-7: Stiffness of stable radiolysis species in bulk coolant at 700 ppm H3BO3, 2 ppm LiOH, 25 cc 
(STP) H2 per kg-H2O. 
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An important aspect to consider in solving the above numerical system of equations is the 
dependence on a good initial guess. As the concentration values of radiolysis species in the crud 
will be very small quantities (order 10
-8
), it could conflict with the default tolerances of the built 
in solvers. An alternative method is to change the units of molar concentration from mol/dm
3
 to 
mmol/m
3
 which adds a factor of 10
6
 to the rate laws and provides better numerical conditioning.  
Ionic strength of the solution is assumed to be 0.0 at the beginning of analysis and iterated to 
obtain convergence of final solution. Furthermore, at the beginning it is important to consider 
that precipitation reaction will not be significant until solute concentrations are relatively high 
and is ignored in the initial analysis. The ratio of concentrations of product of Li
+
 and boric acid, 
to H
+
 must be larger than the value of equilibrium coefficient for precipitation to occur. If this is 
the case, then the analysis is performed again including the precipitation reaction. It is important 
to note that radiolysis would result in very small charge imbalances. However, neutrality of 
water is used to maintain charge balance. 
 
Figure 3-8: Results from radiolysis model depicting influence of dissolved H2 on O2 and H2O2 
concentrations (700 ppm H3BO3, 2 ppm LiOH). 
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To benchmark the chemistry model, a calculation was done to determine the pH of the primary 
coolant. This benchmark is valid as the conditions in crud only differs in higher solute 
concentrations of boric acid, lithium hydroxide and stable radiolysis products. Computation of 
pH using standard concentrations of 700 ppm B(OH)3, 2 ppm LiOH and 25 cc (STP) H2/ kg of 
water yields a value of 7.46 which agrees well with reported values of 7.49 for the same 
conditions by Corti [13]. Further validation of the model was done by studying the influence of 
dissolved hydrogen in coolant to show suppression of H2O2 and O2 concentrations in bulk 
coolant shown in Figure 3-8. Results from modeling of influence of dissolved hydrogen 
performed by Takiguchi et al. [23] is in good agreement with results from this model.   
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4.1 Temperature, Pressure and Solute Distribution 
 
A sample case was run to benchmark the wick boiling model results for temperature, pressure 
and solute concentration distributions. Standard PWR operating conditions provided the 
information on mass flux, hydraulic diameter, system pressure, bulk coolant temperature etc. 
Number of chimneys was fixed to 6000 per mm
2
 of clad surface area. Boric acid concentration in 
bulk coolant was picked to be 700ppm, which is two-third into the operation of a nuclear reactor 
before refueling. Additionally, the number of terms used for convergence of infinite series 
solution is 80 for both momentum and energy.  
As seen in Figure 4-1(a), temperature along the axial length of the crud decreases further away 
from the crud surface. Temperature profile along the radial direction at the clad-crud interface 
varies slightly with a maximum value at outer wall of crud. Non-dimensional pressure 
distribution in the porous layer shows it be maximum at the chimney-clad interface and equal to 
the bulk coolant pressure at the coolant-crud interface.  
   
  
    
    
  (4.1) 
In relation to eqn. 4.1, and the pressure distribution diagram in Figure 4-1(b) it can be easily 
inferred that evaporation at the chimney wall creates the pressure differential that drives the 
coolant flow inside the porous media. Finally, the non-dimensional solute concentration factor is 
highest at the chimney-clad interface. At the chimney wall, solute concentration is the maximum 
along its axial direction. Furthermore, the exponential nature of solute concentration due to 
molecular diffusion is observed in both radial and axial directions.  
CHAPTER 4. RESULTS AND DISCUSSION 
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(a)                                                                                      (b) 
 
(c) 
Figure 4-1: Two-dimensional (a) Temperature (T-Tbulk (℃)), (b) Non-dimensional Pressure, and (c) Non-
dimensional H3BO3 Concentration distribution solved using wick-boiling model. (Input parameters:  
Tref=325 ℃ , Cb=700ppm, δ=65m, ε=0.75, q''=1.0e6 W/m
2
) 
 
4.2 Stable Radiolysis Products Concentration 
 
To benchmark results from 2-D diffusion models boric acid hideout calculations were performed 
with same input parameters as in section 4.1, which yielded similar results to wick boiling 
model. Solute concentration along the chimney wall is slightly higher than that predicted by 
wick-boiling model, however, the order of magnitude were the same in both cases. Figure 4-2 
below shows the axial concentration of H2, O2 and H2O2 for a 60 m thick crud with 80% 
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porosity. Bulk concentrations used in the calculations were calculated using the crud-chemistry 
model in bulk coolant conditions of 700 ppm boric acid, 2 ppm LiOH and 25 cc STP/kg-H2O 
dissolved hydrogen.  
 
Figure 4-2: Axial concentration profiles of stable radiolysis species solved using MC diffusion model. 
(Input parameters:  Tref=325 ℃ , [H2] = 25 cc STP/kg-H2O δ=60m, ε=0.8, q''=1.0E6 W/m
2
). (arrow 
indicates axis) 
 
4.3 Crud-Chemistry Model Results 
Concentration profiles of various species in the crud along the chimney wall are shown in Figure 
4-3. Maximum un-dissociated boric acid concentration is 2.25 mol dm
-3
 (a concentration fraction 
of 35). Li
+
 ion concentration increases significantly to 0.173 mol dm
-3
 (concentration fraction 
600). Monoborate ion is the dominant of all borate ions with a maximum concentration of 0.0372 
mol dm
-3
 at the crud-cladding interface. Consistent with other studies, lithium metaborate 
precipitation occurs at a depth of 40 m from the coolant side. This is a direct consequence of 
decreased solubility of lithium metaborate at higher temperature inside crud. Thicker cruds have 
much higher temperature across the deposit leading to precipitation at a much smaller thickness. 
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According to Henshaw [14], this is near the crud thickness, based on scrape measurements, 
where AOA becomes significant during operation.    
 
Figure 4-3: Model predictions of molar concentrations along the chimney wall (B(OH)3,Li
+
 and B(OH)4
-
 
on left axis, LiBO2 on right axis). 
 
The impact of radiolysis and solute concentration leads to extreme chemical conditions in the 
crud. To demonstrate this effect the crud chemistry model was used to predict the pH and 
demonstrate precipitation of Lithium metaborate. A 60 m crud thickness was chosen to 
compare with other available research data by Henshaw et al. [14]. Other parameters selected for 
the calculation are 700 ppm H3BO3, 2 ppm LiOH, 25 cc (STP) kg
-1
 H2 and 1.0 MW m
-2
 heat flux 
in a 80% porous crud.  pH in the crud decreased initially, which suggests a suppression of 
hydroxyl radical through polyborate formation. The pH increases to a higher value than that at 
water side which is a direct effect of dissociation of lithium hydroxide causing production of 
more hydroxyl ions. This increase is followed by a steady decrease as lithium metaborate 
precipitate is formed and hydrogen ion concentration increases. The results from this model are 
consistent with the one-dimensional model suggested by Henshaw et al. The quantity of 
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precipitate (LiBO2) generated is of the same order of magnitude. (~0.1 mol/L in study by 
Henshaw et al.). 
 
(a)                                                                     (b) 
Figure 4-4: (a)pH at temperature in 60 m thick crud deposit. (b) concentration of lithium metaborate 
precipitate in mol/dm
3
. 
Additionally, Henshaw reported that pH inside the crud decreases steadily from the water side 
until precipitation occurs leading to a rapid increase and steady pH towards the fuel surface 
(Figure 4-6). However, results from this study show an initial decline in pH from the coolant side 
followed by steady increase until first observation of precipitation of LiBO2 (Figure 4-5). This 
leads to increase in hydrogen ion molar concentration and a steady decline in pH following 
precipitation location towards the cladding surface. Along the crud-cladding interface, pH 
reaches a maximum at chimney wall and gradually decreases in radial direction, consistent with 
solute concentration profiles of boric acid and lithium hydroxide.  Aqueous chemistry of LiOH 
and B(OH)3 plays a dominant role in determining the corrosion behavior of Zircaloy fuel 
cladding. Adsorption of Li
+
 ion inside the ZrO2 (baddeleyite) lattice increases sharply with 
increasing pH as well as temperature [25]. If LiBO2 precipitation mechanism is not accounted for 
then pH around the cladding surface would be around 8-9. Inhibition of pH and lowering of 
lithium hydroxide (dissociated and undissociated) through precipitation leads to a suppression of 
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zircaloy corrosion. Localized zones with high pH tend to solubilize the ZrO2 surface layer. This 
could lead to precipitation of ZrO2 once the pH drops away from the clad surface forming a band 
of baddeleyite in the crud deposit [25].   
  
Figure 4-5: Radial and axial variation of pH at temperature in 60 m thick crud. 
Below is a plot of pH from a one-dimensional model developed by Henshaw et al [14]. 
 
Figure 4-6: pH at temperature across 59 m thick crud deposit (Henshaw, 2005) [26]. 
 
4.4 Effect of Crud Geometry 
Porosity of the crud layer is an important parameter governing the solute hideout within the crud 
layer. Due to high radioactivity and soft geometry of crud, precise estimation of crud porosity is 
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difficult using scrap experimental techniques. Generally, crud porosity observed in nuclear 
reactors tends to border in the higher regions. Most of the numerical modeling studies of crud 
utilize a constant porosity value of 80%. However, it is reasonable to view porosity as a dynamic 
factor that will decrease with time due to solute accumulation and precipitation mechanism 
described in this work. Furthermore, porosity would also tend to increase axially along crud 
depth from crud-cladding interface. Effective thermal conductivity of the crud is higher than 
water, leading to enhanced heat conduction through porous layer with low porosity. However, 
this is compensated by elevation of localized temperature due to boric acid leading to an increase 
in wall superheat for less porous structure in Figure 4-7. Solute concentration varies with the 
reciprocal of effective diffusion coefficient, which is directly proportional to the porosity of the 
crud. At low porosities, solute concentration tends to increase substantially. At low porosities, 
solute diffusivity within crud is low, but solute transport due to the wick boiling mechanism 
tends to accumulate solute along the chimney wall.  
 
Figure 4-7: Effect of porosity on boric acid hideout in crud. (arrows indicate reference axis) 
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Crud thickness measurements have been performed in a host of plants suffering from AOA. Rule 
of thumb for average crud growth is 20 m every operational cycle. Crud thickness enhances 
boric acid concentration inside the crud. In fact, the behavior is almost exponential in nature. 
Figure 4-8 demonstrates the effect of increasing crud thickness on maximum wall superheat and 
crud concentration fraction of un-dissolved boric acid. The hideout factor increased by a factor 
of 48 in varying the crud thickness from 20 m to 90 m. Maximum cladding wall temperature 
increased from 19 
o
C for a clean core to 72 
o
C for a 90 m thick crud. As the power cycle 
progresses, crud accumulation around fuel elements develop localized hot spots in clad, which 
could be as high as 400 
o
C. Such high temperatures would be hard to sustain in the porous 
structure and is believe to lead to formation of additional chimneys in crud [7].  
 
Figure 4-8: Effect of varying crud thickness on boric acid hideout in crud. (arrows indicate reference axis) 
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Variation in power level occurs spatially in a reactor core. This leads to varied response to solute 
hideout within porous deposits. Maximum heat flux reaches to 1.46 MW/m
2
 and average heat 
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2
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on maximum cladding wall superheat, average concentration within crud was computed. Heat 
flux levels were varied from 0.4 MW/m
2
 to 1.4 MW/m
2
. Both temperature and concentration 
were found to increase almost exponentially with increasing power level. Crud thickness 
parameter chosen was 60 m with a chimney density of 6000 per mm2. Increasing heat flux 
increases the subcooled boiling efficiency leading to enhanced solute hideout.  
 
Figure 4-9: Effect of heat flux on wall superheat and concentration of boric acid in crud. (arrows indicate 
reference axis) 
 
Figure 4-10: Axial height at which precipitation occurs in 60 m thick crud. 
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Further, using the crud chemistry model, the effect of increasing power level on pH at clad 
surface and depth at which LiBO2 precipitates in the crud were studied. pH was found to be 
essentially constant at the cladding surface, which serves as a demonstration of validity of the 
model itself. Also, precipitation is found to occur at much shallower depth for large power levels. 
No precipitation occurs at power levels of 0.4 to 0.6 MW/m
2
. At around 1.0 MW/m
2
 LiBO2 
precipitation occurs at a depth of around 20-25 m from clad-surface.  
4.6 Thermal Hydraulics and Crud-Chemistry Coupling 
 
Coupling between the thermal hydraulics and chemistry is obtained through the boiling point 
elevation. An alternate way to couple is through the activity coefficient of water, which would be 
a function of molal concentration of all species in solution. Thermodynamics properties such as 
enthalpy of vaporization, molar volumes, saturation temperature and the interfacial heat transfer 
coefficient can be explicitly linked to the activity coefficient of water. Majority of the elevation 
of boiling point occurs due to presence of boric acid. In this study, the coupling of thermal 
hydraulics is achieved through water flux at chimney wall, which is a function of the above 
mentioned thermodynamic properties as well as the boiling point elevation. The effect of boric 
acid concentration on saturation temperature and enthalpy of vaporization of solution have been 
added to this model. In addition, the effect on activity coefficient of water has been adjusted to 
be used in the crud-chemistry model.  
Feedback of activity coefficient of water in computing the thermodynamic properties of the 
solution would be essential to establish multi-faceted coupling in the model. This can be 
achieved by adjusting thermodynamic properties of water and re-calculating temperature and 
pressure distributions after performing a first iteration of the equilibrium concentrations of all 
solutes without corrections to water properties. In practice, the effect of such adjustments would 
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be very small. The effect of inbuilt approximations in parameters such as porosity and tortuosity 
of crud could lead to greater variations in model results. Most of the theoretical models 
developed have assumed porosity as a constant parameter (generally 80%), whereas in reality it 
is spatially varying and generally lower towards the crud-clad interface. Parametric study done 
has shown that less porous crud has higher effective thermal conductivity which results in higher 
evaporation rates after some distance away from heating surface. Effective diffusion coefficient 
is also lowered in a more compact structure resulting in higher local solute concentrations. The 
impact of such increased solute concentration would easily outweigh the small corrections in 
thermodynamic properties. Thus, it is essential to develop stronger experimental evidence of 
variance of crud porosity.   
4.7 Operational Cycle Analysis 
 
During a power cycle, the bulk boron concentration decreases from approximately 1800 ppm to 
almost 0 ppm at the end of the cycle. As explained earlier, boron hideout causes significant 
increase in temperature in crud compared to other solutes. Figure 4-11, shows that maximum 
wall temperature in a 60 m thick crud could increase by 54 oC higher than bulk coolant. A clean 
fuel surface temperature is approximately 19 
o
C higher than bulk coolant. In operational cycles, 
with redistributed crud such high temperatures can be easily reached. In effect this would 
increase the heat transfer process which is expected due to higher temperature gradient, but it 
affects the integrity of clad and power profile. It is interesting to note that the solute 
concentration fraction decreases with increasing bulk boric acid concentration. This is caused 
due to decrease in wick boiling efficiency, even though diffusion coefficient of boric acid 
decreases moderately at higher concentrations. However, the molar concentration still increases 
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albeit the rate of increase goes down significantly. Maximum wall superheat is larger for higher 
bulk boron concentration as expected.  
 
Figure 4-11: Model predictions of boric acid concentration fraction and temperature for varying bulk 
boron concentrations. (arrows indicate reference axis) 
 
In an 18 month operational cycle, both H3BO3 and LiOH bulk concentrations decrease over time. 
Table 4-1 summarizes the parameters used in this study to understand the behavior of clad-wall 
pH and depth for observation of LiBO2.   
Table 4-1: Summary of varying and non-varying parameters for operational cycle analysis. 
Operational Parameters H3BO3 
(ppm) 
LiOH 
(ppm) 
H2 (cc 
STP) 
Coolant 
pHT 
 
 
Heat flux = 1.0 MW/m
2 
Porosity = 0.8 
Chimney density = 6000/mm
2
  
Crud Thickness = 60 m 
1300 2.02 25 7.37 
1100 2.02 25 7.44 
900 2.02 25 7.38 
700 2.02 25 7.47 
500 1.8 25 7.56 
250 1.0 25 7.60 
50 0.2 25 7.62 
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Boric acid and Lithium hydroxide concentrations are chosen to keep the bulk coolant pH 
relatively constant throughout the operational period as shown in column 5. Figure 4-12 below, 
shows the model predictions of pH at the crud-clad interface with the parameters described in 
Table 4-1. pH at the interface increases significantly at lower boric acid concentrations. This is 
due to increase in amount of lithium ions relative to boron during the cycle.  
 
Figure 4-12: Predicted cladding wall pH at temperature for parameters outlined in Table 4-1. 
 
Though precipitation mechanism alone is not sufficient to describe the structure of crud, it is an 
important parameter that yields a further insight into how corrosion deposits grow. Figure 4-13 
illustrates the depth at which lithium metaborate precipitates for a 60 m thick crud.  For higher 
bulk boron concentrations, precipitation occurs at much shallow depths from the coolant surface. 
This provides a tool to assess crud growth on reload fuel assemblies from previous operating 
cycles that have crud buildup. At high temperatures in crud, chemistry between boric acid, nickel 
and iron results in other methods for deposition of boron in crud, mainly bonaccordite. This is 
observed in crud with thickness greater than 100 m. Since a proper crud deposition model 
hasn't been developed in this study, it was not possible to model formation of bonaccordite.  
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Figure 4-13: Model predictions of depth of initial precipitation of LiBO2 in 60m thick crud.  
 
4.8 Full PWR Core Calculations 
The usability of the coupled thermal hydraulics and chemistry code would be in assessing axial 
offset for a full operational reactor. To this end, we utilized the data obtained from the Callaway 
cycle which observed the most axial offset so far.  
4.8.1 Input Data 
  
The data sets used in this analysis were obtained from personal communication with Dr. Michael 
Young at Westinghouse Electric Company for the Callaway Cycle 9 where axial offset has been 
the worst reported so far (-14% axial offset leading to reduction of power to 70%). Data obtained 
were for a core burnup of 8000 MWD/MTU which coincides with onset of significant axial 
offset. This data set comprised of information on the local power level, temperature, pressure, 
mass flux and density of primary coolant for all 193 assemblies. Each assembly is divided into 
93 axial nodes corresponding to a node length of 1.7 in. Temperature of the bulk coolant varied 
between 290 ℃ and 335℃. Pressure in the reactor core was essentially constant around 155 bars. 
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Heat flux levels varied axially along the core as shown in Figure 4-14. Axial offset can be 
observed clearly by the difference between power levels from 0 - 2 m and from 2 - 4 m.   
 
Figure 4-14: Heat flux and bulk fluid temperature in a representative fuel assembly. (arrows indicate 
reference axis) 
 
4.8.2 Crud Thickness Calculation 
Calculating the entire boron hideout in the fuel assemblies requires knowledge of the local mass 
evaporation rates. To this end, clad wall temperature    is estimated to determine the subcooled 
boiling nodes. This is done using the knowledge of heat transfer coefficient, h, and bulk fluid 
temperature Tbulk. Heat transfer coefficient (h) is calculated using Dittus-Boelter equation for 
turbulent flow in heated channels. Reynolds number and Prandtl numbers are calculated using 
properties at mean fluid temperature of 308 
o
C and pressure of 155 bars [8].  
   ( )       ( )  
   
 
 (4.2) 
Using the criteria         boiling nodes were determined and local nucleate boiling heat flux 
is estimated using the Thom correlation (eqn. 2.2) provided in Chapter 2. For boiling regimes 
with low vapor quality, total heat flux cannot be adequately represented by the sum of convective 
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   and nucleate boiling heat fluxes   
  . A power type relation is usually preferred as shown in 
eqn. 4.3 with n>1 (n=2 is suggested) [8]. Clad wall temperature values were computed iteratively 
using eqn. 4.3 and heat flux values provided as input. Steaming rates can be calculated by 
dividing nucleate boiling heat flux by enthalpy of vaporization at 155 bars. 
     {(  
  )  (  
  ) }    (4.3) 
 
Figure 4-15: Predicted clad-wall temperature and mass evaporation rates in a assembly with AOA. Dotted 
line showing saturation temperature at 155 bar. (arrows indicate reference axis) 
 
Fig. 4-15 depicts the clad-wall temperature in the above mentioned representative fuel assembly 
and the model results for steaming rates. These steaming rate values are consistent with observed 
evaporation rates in plants [4].  
It should be noted that this calculation is done assuming no crud deposition on fuel elements. 
This would result in lower evaporation rates than experimentally measured values, which is 
higher due to solute hideout. Knowledge of corrosion product release rates along with thermal 
hydraulics and chemistry within crud is essential to establish a suitable crud-deposition model.  
A first order estimate of source of corrosion deposits can be done from Alloy 600 steam 
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generator tubes and stainless steel components. Experimentally determined correlations for rate 
of release of nickel and iron are shown below [28]: 
 
            
        (   (         ) 
            
        (   (         ) 
(4.4) 
Alloy 600 comprises mostly of nickel 72% and 6-10% iron. Figure 4-16 below, shows the typical 
metallurgy in a primary coolant system of PWRs. Nickel and iron dissolves sparingly in reactor 
coolant. Typically they exist as nickel oxide (NiO) and nickel ferrite (NiFe2O4) using the reaction 
mechanisms in eqn. 4.5. Appropriate molar conversions and solubility corrections are necessary 
to convert from corrosion rate to deposition rates. Reported solubility of NiO is approximately 
0.5 ppb and 2 ppb for nickel ferrite [29].  
 
        ( )     
       
               ( )            
      
(4.5) 
In this study, bulk coolant pH values were used to estimate corrosion rates of alloy 600 and 
stainless steel. Local evaporation provides the driving force for transport of corrosion particles 
from bulk water.  
Local deposition rate is governed by the ratio of local evaporation rate to the total mass 
evaporation rate and the deposition time period. Deposition rate is favored in regions where 
temperature difference between clad and coolant is greatest. Once the amount of nickel oxide 
and nickel ferrite deposited at each node is determined, crud thickness can be computed using 
information on density of deposit particles, porosity and surface area of deposition. Maximum 
crud thickness estimated using the current model is 80 m which is slightly larger than 
experimentally observed data. 
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Figure 4-16: Metallurgy of primary water coolant system [19]. 
 
Estimate of crud thickness in reference assembly is shown in Figure 4-17 for the provided input 
data. 
 
Figure 4-17: Model estimates of crud thickness in fuel assembly with axial offset. 
 
 
Since the crud layer is penetrated by chimneys, the net available surface area for deposition is 
reduced. Chimneys are assumed to have a radius of 2.5 m. Number density of chimneys used in 
this study is 6000 W/m
2
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effect of number density on temperature and solute concentration is not significant as shown by 
Pan [7]. Thus, a constant number density value is acceptable in this model. 
4.8.3 Boron Holdup Calculation Methodology 
Estimating the amount of boric acid hideout in each fuel element with crud buildup requires the 
knowledge of local porosity, crud thickness, average solute concentration and bulk boric acid 
concentration. The method employed to estimate the average solute concentration factor relies on 
the spatial solute concentration distribution obtained through the numerical solution to wick 
boiling model. First, the porous volume within the crud is estimated. This is reduced by the 
projected area of Nv chimneys with radius    in an axial node of length L = 1.7 in. 
 
Figure 4-18: Schematic of Fuel rod with crud buildup to calculate porous volume. 
         (       
 ) (4.6) 
Once the porous volume is known, the mass of boric acid inside this unit channel length can be 
found by multiplying by the average solute concentration. 
  ̅  
∫ ∫  (   )     
 
 
 
 
∫ ∫      
 
 
 
 
 (4.7) 
Hence, mass of boron in each unit channel is given by the following equation: 
64 
 
         (       
 )    ̅       (4.8) 
   is the bulk boron concentration in molar units and        is the molar mass of boric acid. 
Mass of boric acid hideout in each node is summed for the entire assemblies in the core. 
        ∑  
 
 ∑     (       
 )    ̅      
 
 
(4.9) 
Using the crud thickness estimates and local power levels total mass of boron hideout in the 
entire assemblies with crud buildup is estimated. Total mass of boron hideout estimated is 878 
grams.  
 
Figure 4-19: Boron mass in crud required for AOA [30]. 
 
Secker et al. [30] performed a numerical simulation to estimate boron mass required for axial 
offset anomaly using Westinghouse reactor physics methods. Several cycles of a four-loop, 193-
assembly PWR plant with AOA were modeled using ANC (Westinghouse’s Advanced Nodal 
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Computer code). The quantity of boron was varied with cycle burnup to match the measured flux 
distributions throughout the cycle. The total mass of 
10
B was found and converted to actual crud 
boron mass assuming no depletion of 
10
B. The number of assemblies affected with crud buildup 
varied from 36 to 76 for these reported cycles. For Callaway cycle 9 estimated boron mass at 
8000 GWD/MTU is approximately 700 grams. 
The discrepancy in the results from neutronic model and this study arises from error in estimated 
crud-thickness values. Difference in solubility product at local nodes and bulk coolant is a 
function of temperature and amount accumulated. This would lead to asymptotic behavior in 
amount of material deposited. Further growth of crud structure may happen only through 
precipitation within the crud. This modification wasn’t done in current study due to the fact that 
the corrosion particle deposition model used is a crude, first order estimate only.   
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 A two-dimensional coupled crud-chemistry and thermal hydraulics model has been 
developed. The model incorporated hideout mechanisms of boric acid and lithium hydroxide 
through wick boiling mechanism inside porous crud. Radiolysis model using 38 reactions with 
appropriate temperature reaction rates is developed to model transport of stable radiolysis species 
(H2, O2 and H2O2) within crud. An equilibrium chemistry model using boric acid equilibria, 
lithium hydroxide dissociation and precipitation of lithium metaborate was developed to study 
the crud structure. Boric acid mostly remains in undissociated aqueous form within the crud. For 
thick cruds (>50m) precipitation reaction was important in controlling the pH within the crud 
structure. This lead to a steady decrease in pH towards the cladding surface and provided an 
explanation for appearance of zirconium oxide layer within the crud structure. The results from 
the crud-chemistry model were validated against plant observations and other modeling efforts 
using one-dimensional thermal hydraulic transport model.  
Radiolysis model, using 38 reaction mechanisms for 13 species, was benchmarked using 
calculations of bulk coolant pH and effect of dissolved hydrogen on concentrations of peroxide 
and oxygen. These results were found to be consistent with plant observations and other 
comparative studies. Once a suitable benchmarked model was developed, it was used to study 
the behavior of crud geometry (porosity, thickness) on wall superheat and solute hideout. These 
results were found to be consistent with relevant modeling studies and suggested boric acid 
transport within crud resulted in elevated wall superheat. Lower porous crud structure resulted in 
increased solute concentration and an increase in wall superheat due to enhanced elevation of 
CHAPTER 5. CONCLUSIONS AND 
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boiling point. Thicker cruds yielded higher wall superheat (almost 50 
o
C higher than clean clad 
surface) as well as elevated boron hideout in the crud structure. The behavior of radiolysis 
species coupled with lithium hydroxide and boric acid was used to study pH within crud 
structure. Further, typical operational cycle data were used to study conditions leading to 
precipitation. Significance of precipitation was illustrated to be lowering of pH and suppression 
of zircaloy corrosion.  
After a stable working model was developed, the code was utilized to analyze Callaway cycle 9 
axial offset observations. Clad wall temperature was iteratively calculated using a higher order 
sum of convective and nucleate boiling heat fluxes. Mass evaporation rates at fuel assemblies 
with sub-nucleate boiling were estimated. Utilizing a simple corrosion model for alloy 600 and 
stainless steel components in the primary coolant system and calculated mass evaporation rates, a 
first order estimate of crud thickness was done. These crud thickness values were used to 
estimate the total quantity of boron hideout in the crud at the supplied burnup level of 8000 
MWD/MTU which is the onset of significant axial deviation in cycle 9. The result was found to 
be slightly higher than estimations provided using neutronic techniques on the same plant cycle.  
This model serves as a framework for development of the advanced crud deposition model. 
Some of the plant observations of crud structure are verified using this model. However, the 
thermodynamics of formation of mineral bonaccordite is not described. A proper corrosion 
model accounting for thermodynamics of nickel-iron and water at PWR operating conditions 
needs to be developed. Also, the natural properties of crud structure need to be theoretically 
modeled. Crud structure has varying porosity along its axial length. To incorporate this effect, a 
proper multiple porosity model can be developed utilizing the approach suggested in section 5.3. 
Another parameter important for better estimation of crud growth and AOA is beginning of cycle 
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measurements of crud mass and boron reload. This would help in accurately predicting how crud 
structure evolves and when AOA would occur in a core.  
5.1 Neutronics Model 
To predict axial offset in a PWR core due to boric acid hideout, a proper neutronics model 
addressing boron perturbation needs to be developed. This would require generation of new cross 
section libraries for every node with crud-buildup in the assembly based on the mass of deposit. 
At first, clean-core cross sections need to be generated for every type of fuel assembly present in 
the core. Then, for assemblies identified to be undergoing subcooled boiling, macroscopic 
absorption,   , cross-sections need to be changed to account for boron perturbations.  
               
      (5.1) 
The additional boron capture term can be computed using the following equation suggested in 
reference [5]. 
         
      
      
     
  
      
  
      (5.2) 
where,        is mass of boron in crud,       volume of the porous crud mesh,    is 
Avogadro’s number,        is mass number of boron and   
      is the absorption cross-section 
for boron. Additionally, enrichment of B
10
 in boric acid is needed before performing the above 
computation.  
5.2 Advanced Crud Deposition Model 
Nickel, iron and water thermodynamics models can be used to predict composition and solubility 
of their products in water. At the steam generator tube surface and piping surface, nickel and iron 
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are dissolved forming an anodic site that leaves behind excess electrons on the surface. Growth 
of Bonaccordite “needles” on the clad is associated with an electrochemical reaction [31]:  
 
2 2
3 3 2 2 102 7 ( ) 7Ni Fe H BO H O Ni FeB OH H e
          
(5.3) 
The above anodic reaction is necessary to remove excess electrons from system for growth of 
crystals. Saji also [31] suggested this removal mechanism is related to oxidation of hydrogen 
peroxide generated through water radiolysis. 
 2 2 22 2 2H O H e H O
     
(5.4) 
The overall reaction mechanism is shown as follows: 
 
2 2
3 3 2 2 2 2 104 2 2 12 2 ( ) 12Ni Fe H BO H O H O Ni FeB OH H
         
(5.5) 
Removal of excess electrons is needed for metallic cations to deposit as crud on fuel surface. 
This would lead to reduced concentration of hydrogen peroxide towards crud-cladding surface.  
5.3 Multiple Porosity of Crud Layer  
 
The necessity for developing a 2-D model stems from the fact that predicted temperatures and 
solute concentrations are lower than that from one-dimensional models. This would help provide 
a more accurate estimation of clad wall temperature which is critical to safe operation of PWRs. 
Improvements to the current model can be made further by modeling a multiple-porous crud 
geometry. As seen with the results on solute concentrations provided earlier, a large amount of 
hideout occurs near the clad-crud interface. With large concentrations, precipitation mechanism 
affects the growth of crud structure. This leads to decrease in porosity of the crud structure where 
precipitation occurs. Current solute transport models don’t have the capability to incorporate 
such dynamic effects. A possible method to incorporate this effect would be to account for 
multiple porosity of the crud layer such that when solute concentrations get to solubility limits, 
the porosity of the crud near the clad-crud interface is decreased. A two-dimensional multiple 
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porosity model has been postulated below. This method can be implemented with the wick 
boiling model to obtain a better understanding of scenarios where precipitation occurs.  
 
Figure 5-1: Schematic of crud with axially decreasing porosity. 
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(5.6) 
with the following boundary conditions in region 0< <  : 
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(   )      
  (   )        
(5.7) 
Interface boundary conditions: 
 
  (      )    (      ) 
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|(      ) 
(5.8) 
In region   < <1 
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  (   )    
   
  
(   )    
  (   )        
(5.9) 
Chimney wall boundary condition can either be taken as a constant value in which case, it can 
used as the average concentration predicted by Cohen 1-D model [10]. Alternatively, using the 
same 1-D model, an exponential chimney wall boundary condition taking into account the 
porosity of each region can be used. This would affect the diffusion coefficient within the region 
and hence the molecular diffusion process. Solute hideout is intrinsically connected to predicted 
wall temperatures within crud deposits.  
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Ionization of Water 
Equilibrium quotient values of self-ionization reaction of water at elevated temperature and 
pressures have been well documented. The reaction of interest is: 
     ( )
  
⇔    (  )     (  ) (A.1) 
Equilibrium quotient for this reaction can be written as: 
       
        
(A.2) 
Qw denotes the equilibrium quotient and the quantity in large brackets denotes molal 
concentrations of each species. Marshall and Frank [22] developed a temperature dependent 
correlation to calculate the log10Kw values at infinite dilution.  
 
               
      
 
 
        
  
 
       
  
 [       
      
 
 
        
  
]         
(A.3) 
Equilibrium reaction quotient is computed through the following equation: 
                      (
    
  
) 
(A.4) 
Correlations developed by Sweeton et al. [32] for second term in eqn. A.4  
 
      (
    
  
)   
  √ 
  (                     )  √ 
  
                                                           
                                                     
                                
              
(A.5) 
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‘I’ is the ionic strength of the solution. Palmer [22] compared the equilibrium constant values 
using both Marshall et al. and Sweeton et al. and found them to be in very good agreement. 
Boric Acid Equilibria 
 
In this study boric acid equilbria includes the formation of polyborates as suggested by Mesmer 
et al. [12] The equilibrium reaction can be written for n=1 to 3. 
   (  )    
 
   
⇔   (  )    
  (A.6) 
Equations to calculate equilibrium quotients for 3 important species at high temperatures 
(n=1,2,3) are below:(Mesmer and Baes, adapted from Weres [33]) 
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(A.7) 
Dissociation of Lithium Hydroxide 
At PWR operating conditions the dissociation of lithium hydroxide is reduced significantly. 
Cohen outlines the equilibrium coefficient for the following reaction: 
    (  )      (  )        
(A.8) 
The measurements provided by Cohen [10] extend up to 520   which is below the operating 
condition in PWRs. 
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Figure A-1: Dissociation constant of Lithium Hydroxide in water [10], [13]. 
 
 A temperature based correlation for dissociation coefficient for the above reaction is proposed 
by Corti [13].  
 
      
      
          
 
               
        
 
                          
(A.9) 
A comparison of dissociation coefficients from Cohen and Corti was done and found to be in 
good agreement as shown in Fig 3-8.  
Precipitation of Lithium Metaborate 
A study done by Frattini et al. [34] showed that precipitation doesn't occur within crud deposits. 
However, they failed to account for decreasing solubility of LiBO2 with temperature. Cohen [10] 
compiled information on the solubility of LiBO2 at temperatures observed in PWRs. As 
discussed on section 2.4.3 of this thesis, the large concentrations of LiOH and H3BO3 in the 
porous crud layer can lead to formation of lithium metaborate and cause further changes in pH 
conditions. Table A-1 below, adapted from Cohen [10] highlights the solubility concentrations of 
LiBO2 at elevated temperatures.  
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Table A-1: Solubility of Lithium metaborate at elevated temperatures. 
Temperature, ℃ Solubility of 
Anhydrous LiBO2 
Percent by weight 
Solid Phase 
125 9.90 LiBO2   H2O 
150 8.75 LiBO2   H2O 
180 8.30 LiBO2   H2O 
200 7.90 LiBO2   H2O 
225 3.20 LiBO2   H2O 
245 2.85 LiBO2 
275 2.60 LiBO2 
Temperature,  Solubility of LiBO2 
Molarity 
Solid Phase 
200 3.6 LiBO2   H2O 
300 1.4 LiBO2   H2O 
400 0.64 LiBO2   H2O 
500 0.39 LiBO2   H2O 
600 0.21 LiBO2 
650 0.13 LiBO2 
 
Byers [35] recently performed a study on the solubility of LiBO2. The reaction considered is: 
    (  )       (  )       (  )   
 (  )     ( ) (A.10) 
Equilibrium constant for this reaction is: 
 
    (
            
        
)
          
   
 
where: 
(A.11) 
    are the activity coefficients and    is the activity of water. Byers also suggested that the 
activity coefficients of lithium and hydrogen can be assumed to cancel [36]. Activity coefficient 
of boric acid could be significant at high solute concentrations. The EPRI [3] report developed a 
theoretical model for properties of boric acid solutions. In this paper, a correlation between the 
activity coefficients of boric acid and water were developed with the mole fraction of boric acid 
as the dependent variable. The range of mole fraction     is 0 to 0.2 which is suitable to higher 
levels of solute hideout in crud.  
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(A.12) 
Byers presented multiple equations to compute   . All of these correlations tend to agree at 
higher temperature values which suit our PWR conditions. Equation A.13 (c) is the preferred 
equation suggested by Byers. 
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               (c) 
(A.13) 
Ionic Association 
 
Corti [37] suggested that at high temperatures the Li+ ion could associate with the monoborate 
ion  (  ) 
 . The reaction considered is: 
 
      (  ) 
       (  )   
      
    (  )  
       
 
(A.14) 
The equilibrium quotient is estimated using the following equation from reference [13].  
                 
        
 
                        
(A.15) 
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